We study electromagnetic properties of the nucleon and Roper resonance in a chiral quark-diquark model including two kinds of diquarks needed to describe the nucleon: scalar and axial-vector diquarks. The nucleon and Roper resonance are described as superpositions of two quark-diquark bound states of a quark and a scalar diquark and of a quark and an axial-vector diquark. Electromagnetic form factors of the nucleon and Roper resonance are obtained from one-loop diagrams where the quark and diquarks are coupled by a photon. We include the effects of intrinsic properties of the diquarks: the intrinsic form factors both of the diquarks and the anomalous magnetic moment of the axial-vector diquark. The electric form factors of the proton and neutron reasonably agree with the experiments due to the inclusions of the diquark sizes, while the magnetic moments become smaller than the experimental values because of the scalar dominance in the nucleon. The charge radii of the Roper resonance are almost comparable with those of the nucleon.
Introduction
Diquarks or diquark correlations, which are strongly attracted two quarks, are known to play important roles in several phenomena, such as the ratio of the structure functions lim Diquark models describe the nucleon as a superposition of the two kinds of the quark-diquark bound states: a bound state of a scalar diquark and quark and of an axial-vector diquark and quark. If the spin-flavor symmetry SU (4) SF is an exact symmetry, the nucleon is restricted to be the linear combination of those quark-diquark bound states with the equal weight due to the Pauli-principle. On the other hand, if SU (4) SF is not an exact one, the nucleon can be an arbitrary linear combination. In addition, not only the nucleon but also the other state orthogonal to the nucleon are allowed to appear as a physical state. Most famous effect of the spin-flavor violation is the color magnetic interaction between quarks, as it generates the mass difference between the nucleon and ∆(1232) being about 300 MeV. Hence the mass difference between the nucleon and the other state is expected to be the typical order of SU (4) SF violation M ∆ − M N ∼ 300, which is comparably smaller than the nodal excitation energy of the Roper resonance 2hω.
In Ref. 2 , we showed that the two quark-diquark bound states were identified with the nucleon and Roper resonance by evaluating their masses in the framework of a chiral quark-diquark model. The chiral quark-diquark model incorporates the two kinds of diquarks. We assumed the mass difference between the scalar and axial-vector diquarks to be an order of the color magnetic interactions. Hence we have this amount of the mass difference between the pure bound states of a quark and a scalar diquark and of a quark and an axial-vector diquark. Introducing a mixing interaction for those two channels causes an additional mass difference, as we are familiar with two-level problems in quantum mechanics. In this model setup, we showed that the mass difference between the two states were about 300-600 MeV. Assigning the low-lying state to the nucleon, the other state with the excitation energy about 500 MeV is naturally identified with the Roper resonance.
In the quark-diquark description, the difference of the diquark correlations between the scalar and axial-vector types is a root cause of the violation of the SU (4) SF symmetry and of the appearance of the Roper resonance. In this sense the Roper resonance is a spin-partner of the nucleon having different diquark components of different spins, which is much different from conventional descriptions, the Nambu-Goldstone boson exchange 3 , collective excitations such as the vibrational 4 , and rotational mode 5 . If the Roper is described by diquark correlations, its nature would be much different.
In the present paper, we extend the chiral quark-diquark model to the electromagnetic properties of the nucleon and Roper resonance. The method of the chiral quark-diquark model resembles the Faddeev approach of the NJL model with the static approximation, where Mineo et al. 6 investigated the electromagnetic properties of the nucleon. Hence we expect that the chiral quark-diquark model describes the electromagnetic properties of the nucleon.
Since the Roper resonance appears with the nucleon, the properties of the Roper resonance is obtained simultaneously with the nucleon. This paper is organized as follows. In section 2 we construct the quarkdiquark model for the quark and diquarks with the photon introduced via the covariant derivatives. In terms of the path-integral auxiliary field method, which we call the path-integral hadronization, the quark and diquark fields are transformed into auxiliary baryon fields. Expanding a Tr ln term resulted from the path-integral hadronization, we obtain various loop diagrams describing hadron properties. We briefly review the kinetic and mass terms studied in Ref. 2 , where the auxiliary baryon fields are identified with the nucleon and Roper resonance. The electromagnetic properties of the nucleon and Roper resonance are obtained from loop diagrams where the quark and diquarks are coupled with a photon. We show numerical results in section 3. The final section is devoted to a summary.
where G S and G A are the coupling constants for the quark and scalar diquark, and for the quark and axial-vector diquark, while v causes the mixing between the scalar and axial-vector channels in the nucleon. The term L int is invariant under the non-linear chiral transformation 7,9 .
The quark-diquark interaction terms are gathered in a simple form
where we employ matrix notations,
Note that the quark-diquark fields Dχ and D µ · τ γ µ γ 5 χ have the quantum number of the nucleon. Here and from now on, we omit the color indices.
The photon field A µ is introduced via the gauge couplingsD
where we have introduced the shorthand notations S, ∆ and ∆ µν : 
Here p 1 and p 2 are the momenta of the incoming and outgoing diquarks, and κ is an anomalous magnetic moment of the axial-vector diquark 11,12 . Q q , Q S and Q ij A are the charges of the quark, scalar diquark and axial-vector diquark, as defined by
Next we carry out the path-integral hadronization to introduce baryon fields. To begin with, we introduce auxiliary baryon fields in Eq. (5),
T is a two component auxiliary baryon field, which correspond to B 1 ∼ Dχ and B 2 ∼ τ · D µ γ µ γ 5 χ. Eliminating the quark and diquark fields using the path-integral identities 7 , Eq. (12) is reduced to
Here the matrix A is defined by
Though the Lagrangian Eq. (13) looks simple, it contains many physical ingredients, which are explicitly obtained by the expansion,
and by the expansion of the propagators Eqs. (8) , for instance for the quark,
Similarly, the propagators of the scalar and axial-vector diquarks are expanded in a series of the photon fields. Since Eq. (19) is the expansion in powers of the baryon fields, the first term describes static properties of the baryons, the second term baryon-baryon interaction. While Eq. (20) is in powers of the photon fields. In the subsequent sections, we study mass terms and electromagnetic couplings of the baryons by taking relevant terms of these expansions.
Mass Terms
Due to the nature of the auxiliary fields, B 1,2 do not have the kinetic and mass terms intrinsically. They are obtained from loop diagrams comprised of the quark and diquarks, then B 1,2 are identified with the physical states.
Taking the first terms both of the expansions Eqs. (19) and (20), we obtain one-loop diagrams shown in Fig. (1) . Up to this order, the Lagrangian Eq. (13) is written as
where
The scalar and axial-vector diquark contributions to the self-energies, Σ S and Σ A , are given as
Here N c is the number of colors. We regularize these self-energies by the three momentum cutoff scheme following the previous work 9 . With the three momentum cutoff, Σ S and Σ A are decomposed into Lorentz scalar and vector (γ 0 ) parts as
where we employ the baryon rest frame p µ = (p 0 , 0). The bare baryon fields B 1,2 are now renormalized as
with which the Lagrangian (21) is reduced to
Here the mass matrixM is given aŝ
When there is no mixing interaction (v = 0), B ′ 1,2 become the physical states with a S and a A being their masses. In the presence of the mixing, the physical states are obtained by the diagonalization of the mass matrix with an unitary transformation:
Finally, Eq. (27) becomes
where the eigenvalues M 1,2 and eigenvectors N = (N 1 , N 2 ) T are obtained as
and the mixing angle φ is given by
Eq. (31) should be read as a self-consistent equation where the quantities on the right hand side are functions of M 1,2 . The equations are then equivalent to the Schrödinger equation for the quark-diquark system interacting through the delta function type interaction with a suitable cutoff.
Electromagnetic couplings of the nucleon and Roper resonance
We proceed to the electromagnetic terms obtained from the first term of Eq. (19) and second one of Eq. (20),
where Λ S (q) and Λ A (q) are the electromagnetic form factors of B 
Their Feynman integrals are given by,
The electromagnetic couplings of the baryons. The left and right panels show the contribution from the quark and diquarks.
where p and p ′ are the four-momentum of B ′ 1,2 in the initial and final states, and q = p ′ − p is the four-momentum transfer carried by the photon. Note that each B ′ 1,2 is an isodoublet having two components: the charge +1 and 0. Then τ 0 and τ 3 describe the iso-scalar and iso-vector form factors.
For the computation of the form factors at finite momentum transfer q = 0, we employ the Breit frame defined by 
By the unitary transformation Eq. (29), we obtain the electromagnetic couplings of the nucleon and Roper resonance as
where F E,M are defined by the unitary transformation of Eq. (42):
Eq. (44) is the 2 × 2 matrix in the nucleon-Roper space, and each element is also a 2 × 2 matrix in iso-doublet space. Therefore, Eq. (44) describes the electromagnetic properties of the four particles: the nucleon (p and n), and the Roper resonance (p * and n * ), where p and p * have the charges +1 and n and n * have 0. Thus the diagonal elements describe the form factors of them, while the off-diagonal ones their transitions. In the present paper, we shall study the diagonal components. The off-diagonal terms should be calculated in other frame, for instance the Roper-rest-frame.
It is convenient to redefine the form factors as
Then, the electric form factors of the proton and neutron are given as,
Those of the Roper resonance are obtained by the substitution of sin φ ↔ cos φ. The magnetic form factors of the proton and neutron are given by,
Again, those of the Roper resonance are obtained by the substitution of sin φ ↔ cos φ and M N → M R .
Intrinsic Properties of Diquarks
The form factors are defined with the point-like diquarks. It is natural that the diquarks have intrinsic structures. First, the axial-vector diquark may have an anomalous magnetic moment, which was already introduced in Eq. (11).
In addition both the diquarks have intrinsic form factors. Expressing those intrinsic form factors by Λ I,α ( q 2 ), (α = SD, AD), they can be included by multiplying to the original ones
Here we introduce a common form factor for both the electric and magnetic terms. Then we parameterize them as,
We have employed the monopole and dipole shapes for the scalar and axialvector diquarks, followed by Kroll et al. 11 . Those shapes are obtained by considering the magnetic form factors of the nucleon in high energy region. Although it is not obvious that the parameterization can be applied to the low-energy region (≤ 1 GeV) we are interested in, we shall employ Eqs. 
3 Numerical Results
Masses and Parameters
For numerical calculations, we first explain the model parameters. The constituent mass of the u, d quarks m q and the three momentum cutoff Λ are determined in such a way that they reproduce meson properties in the NJL model 13,14 . The masses of the diquarks may be also calculated in the NJL model 13,15 . We choose the mass of the scalar diquark M S =650 MeV. The mass difference M A − M S is related to that of the nucleon and ∆(1232). Hence, we assume the mass difference M A − M S = 400 MeV with the mass of the axial-vector diquark M A = 1050 MeV a . The quark-diquark coupling constants G S , G A and v are determined so as to reproduce the masses of the nucleon and Roper resonance 2 . The parameters are summarized in Table 1 . 
0.39 0.65 1.05 0.94 . Rather we assume that the axial-vector diquark is smaller than the nucleon, and that it is larger than the scalar diquark, because there are no strong attraction between the quarks in the axial-vector diquark. Hence the axial-vector diquark size is assumed to be within a range r of the scalar dominance with the small mixing angle φ ∼ 18
• . Then, we shall qualitatively investigate the effects of κ to the magnetic moments with employing κ = 2, which is larger than the values used in Kroll et al. In addition, the quarks have almost the same distributions in the scalar and axial-vector channels. This is understood from the system of a lighter quark and a heavier diquark, where the quark moves further from the center of mass than the diquarks. Since the quark-scalar diquark and quark-axial-vector diquark bound states have the same binding energy 50 MeV, the quarks have the similar spatial distributions and kinetic energies. As for the diquark contributions, the scalar diquarks have larger q 2 -dependence than the axial-vector diquarks, however both of them are almost negligible. The bottom panels of Fig. 3 show the magnetic form factors of Λ Figures 4 show the electric form factors of the proton and neutron. To see the effects of the intrinsic diquark form factors, we consider the following four cases; case (i) include the intrinsic form factor only for the scalar diquark, case (ii) only for the axial-vector diquark, case (iii) for both the diquarks and case (iv) for neither the scalar nor axial-vector diquarks. The intrinsic form factor of the scalar diquark improves both G the axial-vector diquark by considering two cases; one is a result with κ = 0 and the other is with κ = 2. For both cases, the intrinsic diquark form factors are included. We find that the magnetic moments of the proton and neutron are underestimated even if we include the anomalous magnetic moment: µ p = 1.6 (exp. 2.8), µ n = −0.76 (−1.9) for κ = 2. The deficiency is mostly found in the iso-vector magnetic moments: µ S = 0.42 (exp. 0.44) and µ V = 1.2 (2.4). It is caused by the ratio of the weight factors cos 2 φ : sin 2 φ = 9 : 1 due to the small mixing angle φ = 18
Electromagnetic Properties
• . Since the magnetic moments of the nucleon are dominated by the scalar channels, the anomalous magnetic moment of the axial-vector diquark does not contribute µ p,n largely c . Mineo et al. showed that the electromagnetic transition vertex between the scalar and axial-vector diquarks enhanced the magnetic moments around 2.3 for proton and −1.5 for neutron. They also showed that the remaining deficiencies were supplied by the effect of the pion d . Similar results were also obtained in the covariant quark-diquark model by Oettel et al. 22 . We can expect that the transition vertex contributes the magnetic moments largely, because the contribution of the transition vertex appear with a factor sin φ cos φ. In addition, the transition vertex contributes only to the iso-vector magnetic c Szweda et. al. 23 and Hellstern et al. 24 showed that the magnetic moments are reproduced with the smaller value of the axial-vector diquark mass. In our model, we can not employ a small mass for the diquark because of the lack of confinement. d The importance of the pion has been extensively studied, for instance see Refs. 20,21 . moment, where the deficiency is observed in our results. Now we proceed to the Roper resonance. Figures 6 show the electric form factors of the Roper resonance. The slope of p * at q 2 = 0 is comparable to that of the proton, precisely the slope of p * is slightly larger than that of p. Therefore the charge radius of p * is larger than that of p. This is understood from that the charge radius of p is dominated by the orbital motion of the quark in the scalar channel, while that of p * is dominated by the intrinsic size of the axial-vector diquark owing to the small mixing angle and negligible orbital motion of the diquarks. For the neutron component (right panel), the charge radius of n * are almost same value as that of n. For the charge radius of n, the orbital motion of quark with the charge +1/3 and the intrinsic size of the scalar diquark with −1/3 almost cancel, however the former is slightly larger than the latter. Owing to this cancellation, the charge radius of n become negative. There is also similar cancellation for the charge radius of n * . In this case, however, the intrinsic size of the axial-vector diquark is slightly larger than the orbital motion of the quarks. Hence the charge radius of p * becomes negative. We note that the charge radius of n * is sensitive to the intrinsic size of the axial-vector diquark, as shown in Table 2 , which is also understood from the cancellation mechanism explained above.
Figures 7 show the magnetic form factors of the Roper resonance. We also consider the following two cases: κ = 0 and κ = 2. The magnetic moments of the Roper are affected largely by the value of κ, in contrast to the case of the nucleon, as is easily understood from the axial-vector dominance of the Roper resonance. In the case κ = 0, the magnetic moments of the Roper resonance is smaller than those of the nucleon, while in the case κ = 2 the strengths of them are reversed. Now, we discuss the effects of κ. As we have explained we can obtain larger values of µ p,n by employing the larger values of κ. In this case the magnetic moments of the Roper become extremely large. Hence, we can not determine the value of κ at this moment, because there are no experimental data for the magnetic moments of the Roper resonance. Again, we expect several effects for the magnetic moments: the scalar-axial-vector diquark transition vertex, the pionic effect and so on. The determination of κ should be done by including such effects and by reproducing the proton and neutron magnetic moments. Qualitatively, note that the magnetic moments of the nucleon and Roper can have different values. In the radial or collective excitation picture, they have the same amount of the magnetic moments, since the nucleon and Roper resonance have the same flavor wave-function. In the quark-diquark picture, the Roper has different diquark components from the nucleon. Hence the magnetic moments of the Roper differ from those of the nucleon by the effects of the (difference of) diquark correlations. Finally, Table 3 summarize the properties of the nucleon and Roper resonance. 
Summary and conclusion
We discussed the electromagnetic properties of the nucleon and Roper resonance in the chiral quark-diquark model. We showed that the mass difference between the nucleon and Roper resonance was reproduced by the difference of the diquark correlations between the scalar and axial-vector channels. Thus the appearance of the Roper resonance and its excitation energy is generated by the violation of the spin-flavor symmetry caused by the diquark correlation.
In the present study, we employed the quark-diquark model in order to realize this scenario, however we should note that the violation of the spin-flavor symmetry is not restricted to the quark-diquark model, hence the present study can be applied to other approaches. With the intrinsic form factors of the scalar and axial-vector diquarks we reproduced the reasonable values of the charge radii both of the proton and neutron. On the other hand, we obtained the smaller values of the magnetic moments of them than the experimental values due to the small mixing angle. The deficiencies were mostly observed in the iso-vector magnetic moments. We expect that these deficiencies are compensated by the inclusion of the electromagnetic transition vertex between the scalar and axial-vector diquarks and of the pionic effects, as suggested by Mineo et al 6 . The pion cloud probably affects both the electric and magnetic form factors, then the present picture for the nucleon and Roper resonance should be considered as their core part.
We investigated the electric form factors of the nucleon and Roper resonance, where we employ several values for the axial-vector diquark size from r 2 1/2 A =0.6 ∼0. 8 [fm] . For the proton components, the charge radii of the p * and p are almost the same size and it is less sensitive to the diquark size.
While the charge radii of n * is sensitive to the value of r 2 1/2
A . When we employ r 2 1/2 A =0.82 [fm], the charge radii of n * is almost comparable with those of the nucleon both for the proton and neutron components.
In conventional picture of the collective excitation of the Roper resonance, the charge radii of the Roper resonance are larger than those of the nucleon both for the proton and neutron component. In the quark-diquark picture, the Roper resonance is a spin-partner of the nucleon with the different spin component. In this case the charge radius of the Roper resonance is smaller than those in the collective picture.
